Advances in computational design methods have made possible extensive engineering of soluble proteins, but designed β-barrel membrane proteins await improvements in our understanding of the sequence determinants of folding and stability. A subset of the amino acid residues of membrane proteins interact with the cell membrane, and the design rules that govern this lipid-facing surface are poorly understood. We applied a residue-level depth potential for β-barrel membrane proteins to the complete redesign of the lipid-facing surface of Escherichia coli OmpA. Initial designs failed to fold correctly, but reversion of a small number of mutations indicated by backcross experiments yielded designs with substitutions to up to 60% of the surface that did support folding and membrane insertion.
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membrane proteins | protein design | OmpA | β-barrel | statistical potential T he β-barrel membrane proteins comprise one of the two structural classes of integral membrane proteins. They are found within the outer membranes of bacteria, mitochondria, and chloroplasts, where they perform a range of structural, transport, and catalytic functions (1) . In addition to their biological interest they are increasingly relevant to biotechnology, serving as scaffolds for bacterial surface display (2, 3) and atomically precise pores for nanopore-based DNA sequencing. Although the suitability of natural β-barrel membrane proteins for biotechnology has been improved by protein engineering (3) (4) (5) (6) (7) (8) (9) (10) , the ability to design membrane proteins de novo would deliver tools customized to meet the demands of each application.
De novo design provides a stringent test of our understanding of the determinants of protein folding and stability. Protein design software [e.g., Rosetta (11, 12) ] has made tremendous strides in addressing the design problem for small water-soluble proteins (13) (14) (15) , and design of simplified model α-helical membrane proteins including single transmembrane helices and small bundles (16) (17) (18) (19) (20) has also been accomplished. In contrast, a designed β-barrel membrane protein has yet to be reported, perhaps as a consequence of the unique design challenges presented by the folding pathway and architecture of these proteins. Unlike the α-helical membrane proteins, nascent β-barrel membrane proteins must transit the periplasm to the outer membrane, where folding and membrane insertion are thought to occur in concert (21, 22 ). An extensive network of chaperones maintains the solubility of the unfolded barrel and guides membrane insertion. The C-terminal β-strand is known to interact with the BAM chaperone complex (23) (24) (25) , which assists the folding of all β-barrel membrane proteins. However, despite recent progress (26-30), we do not fully understand how interactions between chaperones and transiting membrane proteins are directed by sequence-encoded information.
Further complicating design is the inside-out architecture of β-barrel membrane proteins. In place of a hydrophobic core is either a central water-filled pore or a solid core composed of polar side chains. The lipid bilayer becomes increasingly hydrophobic at greater depths within the membrane (31) , and this environmental anisotropy is reflected in the amino acid composition of the barrel surface. Aliphatic side chains are prevalent toward the center of the membrane, and aromatic side chains are common in the lipid head group regions, where they encircle the barrel in external-and periplasmic-side girdles (32) .
Recently we developed E z β, a membrane depth-dependent, residue-level potential calculated from an ensemble of experimentally determined outer membrane protein structures (33, 34) . E z β can be used to estimate energetics of membrane insertion to predict transmembrane protein orientation within the bilayer, and to detect oligomerization sites on β-barrel surfaces (34) . E z β and related statistical functions (35, 36) can recapitulate properties of natural outer membrane proteins (37, 38) and predict the effects of mutations on protein stability and oligomerization (39) . Similar potentials have driven computational approaches that have fully redesigned α-helical membrane protein surfaces to convert membrane proteins into water-soluble ones (40) (41) (42) .
Here, we considered whether the complete redesign of the lipid-facing surface of an outer membrane protein using a statistical potential such as E z β preserves its structure and function. This approach allowed us to investigate whether membrane insertion requires only a lipid-facing surface composed of depthappropriate hydrophobic residues, or whether folding requires sequence-specific interstrand interactions, chaperone-recruiting sequences, evolutionarily optimized aromatic girdles, folding nucleation sites, or other design features lost during the population averaging inherent in parameter fitting of statistical potentials.
Significance
The ability to construct novel proteins from basic principles of molecular structure is the fundamental goal of protein design. This is particularly challenging in the case of the β-barrel outer membrane proteins, where our understanding of the rules governing structure and function lags behind that of other classes of proteins. Here, we took a step toward understanding β-barrel membrane protein architecture by focusing on the outward-facing amino acid positions that contact the cell membrane. We replaced the membrane-facing surface of OmpA with new surfaces designed to resemble natural β-barrel surfaces. We were able to design versions of OmpA with mutations at about two-thirds of all surface positions, indicating that β-barrel membrane protein surface design is achievable.
Previous studies have explored the sensitivity of the β-barrel fold and its chaperone recognition mechanisms to mutations. The canonical eight-stranded β-barrel membrane protein OmpA tolerates a limited number of mutations to the lipid-facing surface, provided hydrophobicity is maintained (43, 44) . More radically, the eight-stranded barrel OmpX has been duplicated to form a 16-stranded barrel capable of membrane insertion (45) . However, the lipid-facing residues of transmembrane β-strands are conserved across homologous β-barrel membrane proteins beyond the extent expected from hydrophobicity alone (46, 47) , implying a functional role that has yet to be elucidated.
To explore the sequence constraints on β-barrel membrane proteins, we extensively redesigned the lipid-facing surface of E. coli OmpA. We created a series of OmpA variants with entirely or partially redesigned lipid-facing surfaces and tested their ability to insert into the outer membrane of E. coli. Our results indicate that the surfaces of β-barrel membrane proteins are amenable to large-scale redesign, provided that energetically destabilizing substitutions are avoided.
Results
Redesign of the Lipid-Facing Surface. We began by constructing and testing OmpA mutants with redesigned surfaces. Forty-three sites comprising nearly the entire lipid-facing surface ( Fig. 1) were selected for redesign on the basis of distance from the center of the membrane and degree of solvent exposure. Membrane depths of OmpA residues were calculated from an oriented structure optimized using the E z β potential as described previously (34) . Lipid-facing residues obtained by this automated procedure were largely consistent with those specified by other studies of OmpA (48) . Phe170, which is important for chaperone recognition (23) , was left unchanged.
Early de novo transmembrane α-helical proteins presented simple, leucine-rich lipid-facing surfaces (17, 49) . To test whether simple hydrophobicity is all that is required of the lipidfacing residues in OmpA, we mutated all 43 lipid-facing amino acids to leucine. We tested for correct protein folding by determining host cell susceptibility to the OmpA-dependent bacteriophage K3 (50) , which uses the external surface-displayed loops of OmpA to recognize and invade E. coli cells. Spotting phage solution on an agar plate results in visible plaques on an otherwise confluent lawn, and the phage titer required for plaque formation provides a quantitative measure of susceptibility.
The OmpA deletion strain BLΔompAΔompF (51) is resistant to K3 infection unless OmpA is expressed from a plasmid and properly folded. K3 therefore provided a stringent, conservative assay for folding of OmpA redesigns, and should exclude variants that insert into the membrane yet fail to present external loops properly for phage recognition. E. coli transformed with a plasmid encoding the leucine-surfaced OmpA mutant expressed the protein (Fig. S1 ) yet was completely resistant to phage, indicating that the redesigned protein did not fold correctly in vivo.
We next redesigned the surface residues of four proteins (OmpA Redesigns 1-4, referred to as OR1-OR4) using a Monte Carlo algorithm that searched for optimal lipid-facing surfaces (software and model structures are available in the Supporting Information). The algorithm maximized a scoring function consisting of a weighted combination of an E z β energy term that rewarded depth-appropriate amino acid choices and a sequence complexity term that enforced a level of amino acid diversity similar to the wild-type surface. In the case of OR4, an additional term was added to the energy function to optimize the relative stability of the protein when centered within the membrane. The redesign process was fully automated: amino acids were selected without human intervention.
The ability of the four designed variants to insert into the outer membrane was tested in OmpA-knockout E. coli. In each case, we observed protein expression ( Fig. S1 ) yet complete phage resistance in transformed E. coli, indicating that none of the redesigned proteins folded correctly in vivo. The designed proteins were observed in periplasmic and outer membrane fractions, suggesting that issues were primarily with folding rather than trafficking. Restoration of Tyr168, which along with Phe170 may be important for chaperone recognition (23), did not restore activity of any of the redesigns.
Computational analyses of structural models of the redesigned OmpA variants provided little insight into why correctly folded species were not observed. Both E z β and a second propensitybased β-barrel energy function (52) that additionally considers two-body propensities of hydrogen-bonding residue pairs on adjacent β-strands predicted all of the redesigned proteins to be more stable than wild-type OmpA (Table S1 ). Inspection of model structures with PyMOL and energy calculations using protCAD (53) and Rosetta (11, 12) did not reveal unresolvable clashes between any pair of redesigned sidechains or between redesigned and wild-type sidechains.
Backcross Hybrids Test Effects of the Folding Pathway and Aromatic
Girdles. We hypothesized that the failure of the redesigns to fold in vivo might be a result of perturbations to specific β-strand interactions important for folding. OmpA has been shown to fold less efficiently following circular permutation (54) , suggesting that the design constraints differ among β-strands as a function of their order. In particular, β-strands 1 and 8 must come together to close the barrel, and β-strands 1 and 2 associate late in the folding pathway (21) . We used site-directed mutagenesis to restore all permutations of β-strands 1, 2, and 8 to their wild-type sequences. We refer to these wild-type/redesign hybrids as backcrosses, where all positions on a given strand have either wild-type or redesigned sequences. For example, the H18 backcross hybrid would have wild-type sequences for strands 1 and 8 and redesigned sequences for strands 2-7. All backcrossing studies were performed on the OR4 design, chosen because its sequence was optimized both for energy of insertion and for specificity of position at the center of the lipid bilayer. Previous analyses of wild-type OMPs indicated that the E z β energy for various insertion depths had a funnel-like character with the minimum at the center of the bilayer (34) . Therefore, we expected this would also be a favorable constraint on designed sequences. None of the seven backcrosses (H1, H2, H8, H12, H18, H28, and H128) restored bacteriophage susceptibility in an OmpA deletion background (Table S2 ), suggesting that disrupted interactions between strands 1, 2, and 8 are not the primary cause of OR4 misfolding. Another suspected issue was the perturbation of extracellular and periplasmic aromatic girdles in the all-leucine surface and the four computational OmpA redesigns. Aromatic residues are underrepresented in the redesigned proteins compared with the wild type because the sequence complexity constraint penalized designs with large numbers of these residues. To test this, we restored to OR4 all permutations of wild-type β-strands 2, 3, and 7 (H2, H3, H7, H23, H27, H37, and H237 in Table S2 ), the redesigned versions of which have fewer aromatic residues than the wild-type versions. None of the seven resulting OmpA backcrosses conferred phage susceptibility.
To more directly assess the contribution of aromatic girdles, we constructed OmpA variants in which only the girdles were exchanged (Table S3 ). Wild-type aromatic girdles (W7, W15, Y43, F51, Y55, W57, Y85, F123, Y129, Y141, W143, and Y168) were restored to all-Leu (L_WTgirdles) and OR4 (OR4_WT-girdles), but in neither case was phage susceptibility restored. Conversely, girdles in wild-type OmpA were replaced either with leucine (WT_noGirdles) or with residues from OR4 (WT_OR4-girdles). WT_OR4girdles did not show phage susceptibility. Quite surprisingly, WT_noGirdles showed significant phage susceptibility (Fig. S2) , suggesting it was able to insert into the outer membrane despite having no aromatic residues. Together, the outcome of the strand 2/3/7 backcrosses and girdle swaps indicates that issues with aromatic girdles were not at the root of OR4 misfolding.
A Fractional-Factorial Set of Backcross Hybrids Reveals Destabilizing β-Strands. To more rigorously assess the contributions of each β-strand, but short of testing all possible backcrosses (2 8 = 256 possibilities; either wild-type or OR4 sequences for each of the eight strands), we constructed and tested a fractional-factorial set of 14 wild-type/redesign hybrids. Each hybrid was composed of a different set of four β-strands from OR4 and the remaining four from wild-type OmpA (named according to their wild-type β-strands; Table 1 ). Eight of the fourteen hybrid proteins rendered E. coli susceptible to phage (Fig. 2 and Fig. S2 ). Phage susceptibility measurements were in agreement with flow cytometry analysis using a fluorescently labeled antibody against a tag inserted in the fourth surface-displayed loop ( Table 1 , Fig. 2, and Fig. S2) .
No single wild-type β-strand was necessary for insertion, and no mutant β-strand was prohibitive: each wild-type β-strand was present in at least one hybrid that failed to fold, and each redesigned β-strand was present in at least one hybrid that did fold (Table 1) . ANOVA analysis of the fractional factorial hybrid dataset identified a statistically significant model (P value = 0.0014) that has factors that are the identities of β-strand 6 and β-strand 3 and two additional two-strand interactions. The power *The origin of β-strands 1-8 in a hybrid, where W indicates a wild-type β-strand and m indicates a mutant β-strand. † A solution containing the OmpA-dependent bacteriophage K3 was serially diluted in tenfold steps. Phage susceptibility was defined as the maximum number of dilution steps at which phage plaques were observed after spotting the dilutions on a bacterial lawn. Scores represent the highest dilution at which plaque formation was observed out of four replicates. A score of 0 indicates no susceptibility at any titer. See Fig. S2 for photographs of phage assay plates. ‡ See Fig. S3 for flow cytometry fluorescence histograms. § The version of OR4 used as a parent in the creation of hybrids; some mutations at the ends of strands were reverted to facilitate hybrid assembly (Fig. S4) .
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This number is lower than the 43 redesign sites because the redesign algorithm independently selected wild-type residues at a few OR4 surface positions, and because some OR4 mutations were omitted from the hybrids to facilitate construct assembly (Fig. S4) .
of the factorial experiment was inadequate to uniquely resolve these two-strand interactions, but the only interactions among the set of aliased possibilities that involved the two individually significant β-strands (β-strands 6 and 3) linked those strands to either β-strand 1 or β-strand 4. By focusing on these β-strands identified by ANOVA we were able to identify insertion-competent hybrid barrels containing as few as two wild-type β-strands. H16, H36, H136, H146, and H346 all insert into the membrane, as verified by phage infectivity and flow cytometry (Table 1 and Fig. S3 ). H3 and H6 were not phage susceptible, and introducing designed strands 3 or 4+6 in a wild-type background (H1245678, H123578) maintained phage susceptibility (Table S3) , consistent with the observation that no one strand determined the ability of OR4 to fold.
Reversion of Potentially Destabilizing Residues Restores Folding.
A key finding in the fractional factorial set was the high significance of β-strand 6 to design success, suggesting mutations at this β-strand in OR4 might be significantly destabilizing. At position 121, which Pautsch and Schulz (46) did not include in the lipidfacing surface but which was included in our automated selection process, proline is changed to phenylalanine. Proline residues often play important structural roles in proteins, and are frequently left untouched in protein redesigns. At position 125, glycine is mutated to leucine. Like proline, glycine often serves a structural role and is preserved in redesigns. At position 129, tyrosine is mutated to histidine. There are no histidines in the wild-type OmpA surface, although they do occur in other β-barrel membrane protein surfaces. We therefore constructed a conservative version of OR4 in which we restored the wild-type residues at the two designed histidine positions (H129Y on β-strand 6 and H143W on β-strand 7), three of the four mutated glycine positions (G41 on β-strand 2, G99 on β-strand 5, and G125 on β-strand 6), F121 to proline, and Q35 to leucine (restoring hydrophobicity at this position). The β-strand 8 was taken from the all-leucine design, preserving Y168. Folding of this conservative redesign (OR4cons) was comparable to the wild type in our phage assay (Table 1) . This design features 25 mutations to the lipid-facing surface (Fig. S4) . Site-directed mutagenesis to individually reintroduce some of the potentially destabilizing mutations did not abolish phage sensitivity (OR4cons point mutants: G41A, G99I, P121F, G125L, Y129H, and Y129L; Table 1 ).
At the outset of this study we hypothesized that recapitulating the depth-dependent surface hydrophobicity of OmpA using rationally or computationally selected sequences would be sufficient to ensure proper trafficking to and folding in the outer membrane. Although localization of nearly all designs to the outer membrane was observed, none were susceptible to bacteriophage infection, indicating that correct folding resulting in nativelike presentation of extracellular loops was not attained. Reversion of a small subset of rationally selected amino acids in OR4 to wild-type identities did recover wild-type phage susceptibility. Our results support using depth-dependent surface hydrophobicity as a design parameter in engineering outer membrane proteins, and highlight the importance of identifying critical residues that perturb structure.
Discussion
In water-soluble globular proteins, large numbers of surface residues can be mutated without disrupting protein stability as long as surface hydrophilicity is maintained (55) , and hydrophobic α-helical membrane protein surfaces have been shown to be similarly tolerant. It had been suggested that the same was true for β-barrel membrane protein surfaces (44), a prediction that makes intuitive sense based on the favorable energetic contributions made by lipid-facing hydrophobic residues (56), and known evolutionarily allowed mutation patterns (57) .
The results of our complete redesign of the OmpA surface establish that de novo design of β-barrel membrane protein surfaces is possible provided that highly destabilizing residue choices are avoided. Computational redesign of surface-exposed amino acids based solely on favoring depth-appropriate amino acids did not perturb trafficking of OmpA variants to the outer bacterial membrane. In this aspect, the designs were quite tolerant, and even an all-leucine surface OmpA variant was shown to partition into the outer membrane. However, to restore correct folding, it was necessary to revert specific positions back to their wild-type identities. The backcrossing approach evaluating combinations of designed and wild-type β-barrel strands proved invaluable in helping guide our chemical intuition on which positions should be reverted. Finally, in the 43 lipid facing positions of the OR4cons design, 32 were selected computationally, resulting in 25 mutations, and the remaining 9 were manually fixed as wild type. Progress toward fully automated selection of amino acid substitutions awaits a better structural and thermodynamic understanding of how specific wild-type reversions from OR4 to OR4cons restored native structure.
In hindsight, we can rationalize why changing certain positions may have affected folding. For example, P121 is the first amino acid not part of the beta-sheet hydrogen bonding network. This may be due to its backbone imine, which cannot participate in hydrogen bonding, but is positioned to interact with the N145 carbonyl (Fig. 3) . The proline acts as a structural "punctuation mark," ending the interactions between strands 6 and 7. Mutation to another amino acid would presumably allow the hydrogen bond network between strands 6 and 7 to extend farther, altering the conformation of extracellular loops that contribute to bacteriophage binding. Likewise, at other positions in OR4cons, histidine and tyrosine can serve structural roles in nucleating or stabilizing beta-turns (58) . Differences in positional and turntype preferences of these two amino acids could promote misfolding of interstrand connections. Alternatively, rotameric conformations that position the polar moieties of these side chains into the amphiphilic lipid headgroup region may have been unavailable, resulting in unfavorable interactions with the lipid bilayer. Although no one amino acid was critical for stability and folding, collectively these reversions were able to promote a successful design with 25 surface mutations that inserts into the E. coli outer membrane.
Although the ubiquity of aromatic girdles in β-barrel membrane proteins suggests a benefit to fitness (by increasing the thermodynamic stability of the protein or contributing to cell viability in a functional role), our results fail to demonstrate that benefit in our OmpA system. In addition, we found no evidence that interactions between β-strands involved in barrel closure (β-strands 1, 8, and 2; ref. 21) were important.
Redesigned OmpA surfaces present an opportunity to explore the stability contributions of a variety of surface features. For example, tyrosine has been thought to be a particularly suitable amino acid for β-barrel aromatic girdles. Its amphiphilic character is ideal for the interfacial environment, it is statistically overrepresented and highly conserved in aromatic girdles, and it has been experimentally observed to make a larger contribution to β-barrel stability than would be predicted from hydrophobicity scales (59) . In natural β-barrels, tyrosine is predominantly found at the C-terminal ends of β-strands (60); at this end the available χ 1 dihedral angles better position the sidechain to "snorkel" into the lipid headgroup region. However, although all of the aromatic residues in OR4 happen to be at the N-terminal ends of their respective β-strands, they seem to be as effective as the wild-type C-terminal aromatic residues in stabilizing hybrid β-barrels.
The extensive redesign of the lipid-facing surface presented here is only the first step toward a fully de novo β-barrel membrane protein design. We have demonstrated that despite their high degree of conservation, the majority of the amino acids on the lipid-facing surface of OmpA can be substituted without disrupting chaperone binding, folding pathways, or interstrand interactions. Additional work will be required to clarify the roles of structural keystone positions such as proline 121 and to determine the design rules governing the residues that comprise the interior of the barrel.
Materials and Methods
Design Details. Forty-three lipid-facing amino acids identified from the OmpA crystal structure (46) were selected for redesign. Redesigned surfaces were generated by a Metropolis Monte Carlo search that optimized the surface with respect to a scoring function. For OR1-OR3, the score was a weighted sum of the independent E z β energies of each amino acid (34) and the sequence complexity, defined as the multinomial coefficient (61):
where n i is the number of instances of the ith amino acid. The final design function for OR1-3 was: E z β + 5.06 × 10 −70 × ð3.23 × 10 35 − SCÞ 2 . Details on the approach for choosing the weights of each component of the scoring function are described in more detail in the supplementary materials (Fig. S5) . The three top-scoring surfaces from ∼50 runs were selected. For OR4, the score was a weighted sum of the E z β energy, the sequence complexity, and the probability of the barrel being centered in the membrane. This last term was calculated as a Boltzmann probability from the E z β energies of the barrel when centered in the membrane or translated up or down by up to 15 Å:
The final design function for OR4 was: E z β + 5.06 × 10 −70 × ð3.23 × 10 35 − SCÞ 2 − 10 log P. The best-scoring surface from approximately twenty runs was chosen for OR4. The soluble C-terminal domain of OmpA was not included in the constructs. The first 171 amino acids of the mature OmpA, which encode the membranespanning β-barrel, were preceded by an N-terminal 21 amino acid periplasmic targeting-sequence fusion. A FlAsH tag (CCPGCC) (62) and a hexa-histidine tag were fused to the C terminus. A hemagglutinin tag (YPYDVPDYA) was inserted in the fourth external loop of the wild-type/mutant hybrids and the second-generation designs for use in flow cytometry experiments. Details of the fraction factorial design of experiments are presented in the Supporting Information and Fig. S6 .
Phage Susceptibility Assay. Phage K3 (strain number NCCB 3448) was obtained from the Centraalbureau voor Schimmelcultures, Fungal Biodiversity Centre, Institute of the Royal Netherlands Academy of Arts and Sciences, Utrecht, the Netherlands.
Phage susceptibility assays were performed following a published protocol (54) . Here, 2-mL aliquots of liquid top agar (0.7% agar in LB medium) were held at 50°C. IPTG was added to a final concentration of 0.03 mM. Cells were added and the mixtures were immediately spread onto LB-agar plates containing 100 μg/mL ampicillin or carbenicillin. After the top agar had solidified, 2-μL droplets of 10× serial dilutions of phage K3 in LB were applied to the plates. The plates were then incubated at 37°C for 16 h.
Flow Cytometry. Cultures grown in LB media at 37°C were induced with 0.1 mM IPTG at an OD between 0.2 and 0.4 and grown for an additional hour at 37°C. Cells were harvested by centrifugation and incubated at 4°C for 45 min in PBS with FITC-conjugated anti-HA antibodies (catalog number H7411; Sigma-Aldrich). Labeled cells were pelleted by centrifugation and the buffer was removed. Cells were resuspended in PBS and subjected to flow cytometry on an Accuri C6 benchtop flow cytometer. Events corresponding to single cells were gated by forward and side scatter. 3 . Structural role of proline 121. P121 is unable to participate in a hydrogen bond with the backbone carbonyl of N145, ending the betastrand hydrogen bond network between strands 6 and 7. Mutation to any other amino acid could propagate the strand further, altering the conformation locally. Other than for P121, only backbone atoms are depicted for clarity.
